Background. Arthrogryposis, renal dysfunction and cholestasis (ARC) syndrome is a multisystem autosomal-recessive disorder caused by defects in the VPS33B and VIPAR genes, involved in localization of apical membrane proteins. Affected children usually die by 1 year of age, often secondary to infective complications. The classic renal manifestation previously described in ARC syndrome is proximal-tubular dysfunction. The aim of this study is to gain further insight into the renal manifestations of this syndrome. Methods. Clinical review of three cases of ARC syndrome presenting to a tertiary centre. Together with measurement of VPS33B and VIPAR protein expression in the human glomerulus. Results. The cases demonstrated severe failure to thrive and in addition to commonly described features profound proteinuria and albuminuria, together with hypoalbuminaemia, suggesting glomerular involvement of this syndrome. Western blotting of conditionally immortalized human glomerular cells and ex vivo immunofluorescent analysis of the human glomerulus revealed that VPS33B and VIPAR were highly expressed in glomerular endothelium, and podocytes, but not in the mesangium. Conclusions. ARC syndrome affects the glomerulus as well as the proximal tubule in the kidney. Our molecular studies suggest that both cell types that constitute the glomerular filtration barrier are affected in this condition, providing an explanation for the albuminuria that we have observed in our cases.
Introduction
Arthrogryposis, renal dysfunction and cholestasis (ARC) syndrome is a rare autosomal-recessive multisystem disorder which is usually fatal by 1 year of age. Wide phenotypic variability is recognized [1] and multiple associated clinical features are reported in the literature, including severe failure to thrive, poor feeding, gastro-oesophageal reflux, developmental delay, ichthyosis, dysmorphic features, corpus callosum dysgenesis, recurrent infections, abnormal platelets, bleeding tendency, diarrhoea, pathological fractures, sensorineural deafness, structural cardiac defects and hypothyroidism [1, 2] .
The classically recognized renal manifestation of ARC syndrome is proximal renal tubular dysfunction [2] accompanied by glycosuria, phosphaturia, generalized aminoaciduria, renal tubular acidosis and hypernatremic dehydration. The severity of renal tubular acidosis and hypernatremic dehydration commonly worsens during episodes of intercurrent illness. Proteinuria has previously been noted in a small number of cases [1] [2] [3] [4] [5] [6] [7] but not investigated further.
Approximately 75% of cases of ARC syndrome are caused by mutations in VPS33B [8] , which is a gene involved in the regulation of vesicle to target SNARE complex formation and membrane fusion [9] . In addition, mutations have recently been identified in VIPAR (VPS33B Interactor protein apical-basolateral polarity regulator), in cases without VPS33B mutations. VIPAR has been shown to form a complex with VPS33B, which together has diverse functions in pathways regulating apical-basolateral polarity in the liver and kidneys [10] .
This manuscript describes the clinical details of three cases of ARC syndrome presenting to a tertiary Children's Hospital over 4 years, focussing on renal manifestations. We present evidence that renal involvement extends to the glomerulus, and postulate that proteinuria secondary to a glomerular problem may underlie some of the clinical complications of ARC syndrome.
Materials and methods

Patients
Clinical data for three patients that presented consecutively to a single tertiary paediatric centre were obtained retrospectively from case notes and pathology records. A clinical diagnosis of ARC syndrome was based on the presence of athrogryposis, renal tubular dysfunction and cholestasis.
Genotyping
Genetic analysis for both VPS33B and VIPAR mutations was performed as previously described [9, 10] .
VPS33B and VIPAR western blotting in human glomerular cells
Conditionally immortalized cells were derived from the three cell types that are present in the glomerulus, podocytes [11] , glomerular endothelial cells (GEnC) [12] and mesangial cells [13] . This was achieved using a temperature sensitive large T antigen SV40 construct as previously described. The advantage of this technique is that when the cells are thermo-switched to 37°C they exit the cell cycle and are able to differentiate, expressing cellular markers of differentiation. We studied podocytes after 14 days of thermo-switching and GEnC and mesangial cells after 5 days. We also studied a proximal tubular cell line that was generated in the same manner [14] .
Western blotting for VPS33B and VIPAR was performed on whole-cell lysate and equal amounts of protein analysed after estimating with a Bradford assay and checking with the actin housekeeping protein as previously described [8, 15] . The VPS33B antibody was purchased from Proteintech, Manchester, UK, and VIPAR antibody was from Sigma, Pool, UK.
VIPAR glomerular immuno-fluorescence analysis
This was performed on human glomeruli from transplant kidneys, which had been obtained with full ethical permission, that were unsuitable for transplantation due to their vasculature. Techniques as previously described were used to do this [16] . The same VIPAR antibody as described above was used at a concentration of 1:100 with a GFP tagged anti-rabbit secondary (Jackson, West Grove). Nephrin was stained using a guinea pig (Acris, Germany) antibody with an anti-guinea pig TRITC labelled secondary (Jackson, Westgrove). We also tried VPS33B but this antibody was poor for immuno-fluorescence of the kidney (data not shown).
Results
Case reports
Additional clinical features of the three cases are summarized in Table 1 . Case 1. The first case was a male infant born at 36 weeks gestation by spontaneous assisted breech delivery, with a birth-weight on the 2nd centile. It was the first pregnancy of first cousin parents of Pakistani origin, with no known significant family history (although a high degree of consanguinity was noted in the wider family). The mother had received no antenatal care in the UK, but scans in Pakistan demonstrated oligohydramnios, intra-uterine growth restriction (IUGR), reduced movements and flexed posture of both upper and lower limbs.
The infant was in a poor condition at birth with low APGAR scores and required 5 min of ventilation. Neonatal examination revealed a small thin baby with dry scaly skin, bilateral lower limb contractures, subluxed hips and talipes calcaneovalgus. A swelling of the left thigh was found to be a femoral shaft fracture. Nasogastric tube feeding was commenced due to poor feeding but was followed by persistent vomiting and the baby had lost 15% of his birth weight by 14 days of age. Further evaluation revealed urosepsis, polyuria, heavy proteinuria and glycosuria, and blood results showing a renal tubular acidosis, hypernatremia, hyperchloraemia, anaemia, high inflammatory markers and low serum albumin levels. He was commenced on bicarbonate and total parental nutrition. By 5 weeks of age, he had developed cholestasis and malabsorption (but importantly liver function tests initially showed normal Bilirubin and alanine transaminase levels when the child was hypoalbuminaemic with extremely high urinary protein:creatinine levels) and blood results subsequently demonstrated conjugated hyper-bilirubinaemia with normal gamma GT levels. Multiple other features emerged over time (Table 1) . ARC syndrome was first suggested as a possibility at 1 month of age and genetic analysis subsequently confirmed the presence of a homozygous VPS33B p.Arg438X mutation most common in UK patients of Pakistani origin with ARC [2] . Due to a combination of medical and social issues, he never left hospital and died at the age of 4 months from presumed sepsis although no causative organism could be identified. This was the first patient who presented to our services and we did not formally measure urinary albumin:creatinine levels although we did find extremely high protein:creatinine levels, low serum albumin and low circulating immunoglobulins.
Case 2. This male infant was the second of dizygotic twins, born at 37 + 6 weeks. Birth weight was on the 9th centile and knee contractures were noted on neonatal examination. It was the first pregnancy of White British non-consanguineous parents, with no significant family history. IUGR was identified on antenatal scans, but the pregnancy was otherwise normal and the first twin was unaffected. The index case was heavier than his twin at birth, but developed early problems with vomiting, hypoglycaemia, difficulty establishing feeds and weight loss of 17% by Day 5. In the second week of life, he developed abdominal distension and metabolic acidosis. By 1 month of age he was noted to have deranged liver function tests and pale stools, suggestive of progressive intrahepatic cholestasis. He spent 2 months on the Neonatal Intensive Care Unit where the triad of ARC features was identified, plus multiple other abnormalities (Table 1) including mitral valve regurgitation. Genetic analysis was negative for VPS33B, but confirmed mutations in the VIPAR gene [compound heterozygote for pathogenic frameshift mutation (c.463_464delTG; p.Trp155GlufsX4) and pathogenic nonsense mutation (c.484C>T: p.Arg162X)]. He had highly elevated levels of albuminuria (one hundred times normal reference values) and persistently low serum albumin levels despite improvement in his liver disease. He was admitted at 9 months of age and deteriorated rapidly with multiorgan failure despite management on PICU. At this time, he was found to be respiratory syncytial virus positive.
Case 3. The last case was a male infant, born at term by normal vaginal delivery, with a birth weight on the 2nd centile. It was the second pregnancy of first cousin Pakistani parents, with no known significant family history. No problems were identified during pregnancy. At 17 days old, he was brought to the Accident and Emergency department floppy and unwell, with reduced feeding and weight loss. On examination he was found to be thin, pale and jaundiced, with dry skin, bilateral talipes and fixed contractures of the hips and knees. Urinalysis revealed proteinuria and glycosuria and blood results demonstrated conjugated hyperbilirubinaemia. Investigation of neonatal jaundice was undertaken and a diagnosis of biliary atresia considered. He also had raised urinary albumin:creatinine levels. On further evaluation, the possibility of ARC syndrome was raised, with the relevant genetic tests sent. He was readmitted at 12 weeks old with metabolic acidosis and sepsis secondary to a respiratory tract infection, and further phenotypic characteristics of ARC syndrome were identified. Genetic analysis was negative for VPS33B, but confirmed a mutation in the VIPAR gene [homozygous pathogenic nonsense mutation (c.808C>T; p.Arg270X) identified in exon 12]. He subsequently had a number of short stays in hospital, including admissions with infectious episodes and long bone fractures. At the age of 20 months, he passed away at home after a very short history of fever and increased respiratory rate, with an infection being the likely terminal event.
Further clinical features
In addition to the three cardinal features, further selected features and investigations are shown in Table 1 . Poor feeding and recurrent vomiting were a consistent problem in all the cases, and achieving weight gain was difficult, despite the use of nasogastric tube feeding or total parenteral nutrition. All cases had dry scaly skin requiring regular application of emollients. Proximal renal tubular acidosis required fluid and electrolyte replacement and hypernatraemic dehydration worsened during periods of intercurrent illness. Severe metabolic bone disease was a common feature, and all cases suffered pathological fractures, which raised the need to carefully consider the fragility of these infants when deciding whether to undertake certain investigations or interventions. Similarly, the propensity to bleeding in ARC syndrome secondary to the documented platelet abnormalities was another important consideration in making such decisions. All cases experienced occult or overt bleeding secondary to such procedures as nasogastric tube replacement, with some episodes requiring transfusion. Neurologically, all cases were hypotonic and demonstrated global developmental delay and two of the three cases had severe bilateral sensorineural deafness. All cases had intermittent cholestasis with intermittent derangement of liver function tests but normal Gamma GT results, and normal liver appearance on ultrasound.
Glomerular expression of the ARC proteins, VPS33 and VIPAR
The renal tubular disorder in ARC syndrome has been well described, but the nephrotic syndrome observed in these cases has only been reported in a minority of previous reports in the literature.
In view of the nephrotic syndrome seen in these cases and the albuminuria detected in two of our patients, we were interested to examine the cells of the human glomerulus to determine whether there were any cell type located here that expressed the ARC-associated proteins. We therefore studied the three cells of the glomerulus (podocytes, GEnC and mesangial cells) using conditionally immortalized cells that we have developed in our laboratory [11] [12] [13] . We found that the cells that constitute the filtration barrier of the kidney, podocytes and GEnC, both expressed the ARC-associated protein VPS33B and VIPAR but that mesangial cells had greatly reduced expression. (Figures 1 and 2 ). To confirm these results ex vivo we also performed immuno-fluorescence on normal human glomeruli that had been obtained from discarded renal transplant specimens that were unsuitable for transplantation due to its vasculature. We found that the VIPAR antibody intensely stained the tubular compartment of the kidney as expected, but additionally it also robustly stained the glomerulus (Figure 3 ). Podocytes were positive for VIPAR as demonstrated by co-localization of signal with nephrin ( Figure 3 ).
Discussion
The three cases described highlight the universality of severe failure to thrive in ARC syndrome and the wide range of associated clinical features, including nephrotic range proteinuria. The three cardinal features of ARC syndrome were not all evident at presentation in any of the cases, only emerging later in the clinical course. This highlights the importance of raising awareness of the constellation of associated features in order to prevent cases being missed, to enable a timely diagnosis in view of the limited prognosis and to ensure optimal management.
Marked proteinuria and albuminuria, together with low serum albumin levels, were present in these infants, and have been mentioned previously in a number of case reports but never explored further [1] [2] [3] [4] [5] [6] [7] . We hypothesized that the high degree of urinary protein loss suggested that renal involvement may not be limited to tubular dysfunction and that the glomerulus might also be affected.
Analysis of the cells of the glomerulus showed that VPS33B and VIPAR proteins, whose genes are commonly mutated in ARC syndrome, were expressed here, with greater expression in the two cell types that constitute the filtration barrier of the kidney ( podocytes and glomerular endothelial cells).
It is interesting that VPS33B and VIPAR are present and therefore may be functional in both cell types that constitute the filtration barrier of the glomerulus. To date, most genetic causes of albuminuria due to nephrotic syndrome have been shown to map to proteins found exclusively in the podocyte in the glomerulus [17, 18] . However, there is some recent intriguing data showing that mutations exclusively affecting the glomerular endothelium can also result in albuminuric renal disease [19] . It seems likely that in ARC syndrome that both the podocyte and GEnC may be involved in loss of integrity of filtration barrier. However, it remains to be elucidated if this is true, and if the mechanism causing dysfunction in podocytes and GEnC is similar.
Advocates of the 'albumin retrieval hypothesis' [20] may argue that the albuminuria observed in ARC syndrome is part of the known renal tubular dysfunction and occurs due to defective tubular re-absorption of filtered protein (as in Fanconi syndrome). However, it is now widely accepted that the glomerulus is the major part of the nephron responsible for the prevention of massive albuminuria [21] , which we think was occurring in these cases. The low serum albumin observed in these patients may have been of a renal origin or secondary to their liver dysfunction, as has previously been described. However, in the cases presented, the derangement in liver function tests was intermittent and not temporally consistent with the hypoalbuminaemia observed, which was persistent and severe, suggesting a significant contribution from the kidneys. Furthermore, the levels of albuminuria when measured were up to one hundred times that normally found in the urine (Table 1) . This suggests that glomerular protein loss may be contributing, in addition to synthetic hepatic dysfunction, to low circulating albumin levels. As hypoalbuminaemia is commonly associated with ARC syndrome and there is evidence of glomerular loss of albumin, it may be sensible to consider prophylactic antibiotics, such as penicillin, in this condition as it is highly likely that other immunologically beneficial proteins are also being lost into the urine, as occurs in other nephrotic syndromes. In support of this we found low levels of circulating immunoglobulins in Case 1. It is also common that children with ARC syndrome die very quickly of presumed infective causes and often no precipitating cause is identified. However, this is a severe multi-organ disease with a very poor prognosis so this therapeutic intervention may not make major differences to children with this condition.
In conclusion, we have shown that there is glomerular involvement in the ARC syndrome, and that both podocytes and GEnC express the ARC proteins in the glomerulus. Going forward we would suggest that patients with ARC syndrome have their urinary albumin levels measured and that prophylactic antibiotics may be beneficial in some cases.
